The measurement of relaxation pressures and other static intrapulmonary pressures (Rahn, Otis, Chadwick and Fenn, 1946) has been so useful in analyzing the mechanics of respiration and especially of pressure breathing that it has seemed worth while to make simultaneous measurements of peripheral venous pressure and relaxation pressure at various lung volumes as an aid to understanding the relationship of the respiratory pressures to the circulation.
The measurement of relaxation pressures and other static intrapulmonary pressures (Rahn, Otis, Chadwick and Fenn, 1946) has been so useful in analyzing the mechanics of respiration and especially of pressure breathing that it has seemed worth while to make simultaneous measurements of peripheral venous pressure and relaxation pressure at various lung volumes as an aid to understanding the relationship of the respiratory pressures to the circulation.
We shall present data showing how the peripheral venous pressure rises when the intrapulmonary pressure is increased by the performance of relaxation pressures and shall demonstrate that these data may be used to predict the approximate behavior of the peripheral venous pressure during positive pressure breathing. Also, we shall show how such measurements can be used to estimate the distensibility of the lungs.
Before describing these experiments it seems well to present a theoretical approach which has been useful in the analysis of our data. Let PP = Intrapulmonary pressure P L = Pressure due to lung elasticity, i.e., the lung tension. (This pressure is taken as positive in sign when tending to contract the lungs) P P::
= Intrathoracic pressure (intrapleural pressure) = Peripheral venous pressure. All trary these pressures are expressed relative to atmospheric pressure as an arbizero. In (the case of any static condition (chest fixed and no air moving in or out of the lungs) P P -P Or if the change from one set ofTstZicPconditrons to another is considered
(1)
Since the right auricle and great veins leading to it are exposed to PT, and since these are collapsible structures, Pv must always be slightly greater than PT if blood is to flow into the chest from the periphery. Furthermore, if & is made more positive, Pv must also rise if blood is to flow in from the periphery at the same rate as before. If it is assumed that when PT is made more positive, P y becomes more positive by the same increment, then APT and APv may be equated, and APv = APp -APL
AND W. 0. FENN Since PL is constant at any given lung volume, equation (3) predicts that any increase in Pp with the lungs held at constant volume will be accompanied by an equal increase in PY. It also follows that if both the lung volume and Pp are increased, the increase in Pv will be less than APp by an amount equal to the increase in PL occasioned by the increase in lung volume.
METHODS.
The method of measuring relaxation pressures has been described by Rahn, Otis, Chadwick and Fenn (1946) . Venous pressures were recorded by an optical membrane manometer connected by a rigid system (lead tube) to an 18 gauge needle inserted in a cubital vein of the supine subject. The whole system was filled with sterile saline, and a 3-way cock connected to a reservoir made possible an occasional flushing of the needle to prevent clotting. A glass "T" tube manometer in the reservoir system aided in making initial adjustments and was used in calibrating the membrane manometer. Intrapulmonary pressures were recorded from a tube connected to one nostril (the other being held closed) simultaneously with venous pressures by means of another optical membrane manometer.
Before the simultaneous measurement of relaxation pressures and venous pressures was attempted, the subjects were given practice in performing relaxation pressures until their results became reproducible.
Venous pressure measurements were made with the subject in the supine position with one pillow supporting the head. The needle was put in place and a recording was made of the venous pressure during normal breathing and during a brief period of suspended breathing at the end of normal expiration. Since the relaxation pressure at this lung volume is zero the venous pressure recorded here was taken as a baseline from which changes in venous pressure were later measured.
The subject was then instructed to allow his chest to relax (or in some experiments actively to exert pressure) at various lung volumes and the intrapulmonary pressure and the venous pressure were simultaneously recorded. In each trial the subject was required to maintain the intrapulmonary pressure long enough for the venous pressure to rise to a steady value. See figure 1.
RESULTS.
The venous pressure changes associated with various relaxation pressures for eight individuals are shown in table 1 and are represented graphically in figure 2 in which changes in venous pressure are plotted against changes in intrapulmonary pressure. In addition to a curve fitting the experimental points a straight line labeled "expected isometric change" has been drawn. This line represents the relationship between AP v and APp predicted by equation (3) with the lungs held at the relaxation volume (volume existing at the end of a normal expiration).
Vertical distance between the two curves represents, therefore, the increase in PL brought about by the change in volume of the lungs associated with the performance of relaxation pressures. This vertical distance becomes greater as one moves from left to right, because the greater relaxation pressures are associated with larger lung volumes. Since each relaxation pressure is associated with a definite lung volume, lines of expected isometric change in venous pressure can be constructed for lung volumes other than the relaxation volume. This has been done in figure 3, using the curve of figure 2 and an average relaxation pressure curve plotted from the data of table 2 (see also fig. 7 ) as a basis.
The validity of two of these isometric lines, the one for the relaxation volume (about 20 per cent of the vital capacity) and the one for 100 per cent vital capacity, has been tested experimentally ontwo subjects who were instructedto exert pressures actively at each of these two lung volumes.
The results are plotted on figure 3. The experimental points for the relaxation volume fall below the expected diagonal, whereas for 100 per cent vital capacity they are above the predicted line. Although the fit of the experimental points is not perfect, they demonstrate, nevertheless, that for a given increase in intrapulmonary pressure at constant lung volume, the venous pressure tends to rise by approximately the same increment. Figure 3 is useful for predicting the approximate behavior of the peripheral venous pressure under various conditions. For example, during positive pressure breathing the mean peripheral venous pressure should vary with the mean intrapulmonary pressure along the curve obtained from relaxation pressures, because when the positive pressure is applied, the chest tends to expand until the relaxation pressure equals the applied pressure.
If the applied pressure becomes so large that it equals the maximum relaxation pressure (at maximum chest inflation) however, then any further increase in Pp will cause the venous pressure to rise along the diagonal for 100 per cent vital capacity, because further chest expansion is impossible.
The data of one experiment which illustrates this are plotted in figure 3 (see points for subject M).
The effects of wearing a vest which restricts the degree to which the chest can expand may also be predicted from this graph.
Suppose, for example, an individual is wearing a vest which restricts his maximum lung volume to 60 per cent of vital capacity.
If 25 cm. Hz0 positive pressure breathing is applied, his venous pressure will tend to rise along the curve for relaxation pressures until it intercepts the diagonal for 60 per cent vital capacity. It will then tend to follow the diagonal. The end result will be a higher venous pressure than would have been obtained without the vest. We have conducted no experiments to verify this, but Barach (personal communication) states that in 5 subjects breathing 20 cm. Hz0 positive pressure the average increase in venous pressure without a vest was 41 per cent of the applied pressure and with a vest 70 per cent of the applied pressure. These data are shown plotted on the diagram in figure 3 .
The behavior of the venous pressure during a single respiratory cycle under various conditions can also be illustrated on figure 3. Consider for example a type of pressure breathing in which the intrapulmonary pressure is perfectly constant. Fluctuations in PT and consequently in P v would then be determined solely by the volume change in the lungs (change in lung tension), and P v would Open square: Mean rise in venous pressure in 10 normal individuals breathing positive pressures of 3 and 6 cm. of water. Data from Barach, Martin and Eckman (1938) .
Open triangle: Mean rise in venous pressure in five of our subjects breathing a positive pressure of 30 cm. of water.
Solid circle with cross: Mean rise in venous pressure in Barach's subjects wearing a vest and breathing positive pressures of 12 or 20 cm. of water.
Circle with dot: Mean and maximum changes in venous pressure and mask pressure during breathing on the pneumolator. be highest during expiration.
The expected change in venous pressure during the respiratory cycle could be represented by a vertical straight line such as the line I.E. in figure 3 .
Actually, of course, even so called constant pressure breathing is intermittent since the intrapulmonary pressure is greater during expiration than during inspiration.
In this case both PP and lung volume are fluctuating and it is more difficult to predict the changes in venous pressure from moment to moment during a respiratory cycle. During expiration the lung volume will decrease and Pp will reach a maximum, during inspiration the volume will increase and Pp will attain a minimum. A possible cycle of this sort is represented by the line I E' in figure 3.
Fluctuations of venous pressure can be observed even on a saline manometer during continuous positive pressure breathing. They may be recorded more accurately, however, by a membrane manometer such as that described above. might be predicted. This is probably because the rate of change of PT is too rapid for Pv to follow faithfully. This is indicated in figure 4 by the fact that the peak fluctuations in venous pressure always lag slightly behind the corresponding peaks of the mask pressure curve. It should be remembered that figure 3 is based on static measurements in which time was allowed for a steady state to be attained.
Several experiments have been performed in which subjects breathed from a pneumolator (loaned to us by the General Electric X-Ray Corporation) at various rates and pressures. A typical record from the pneumolator experiments is shown in figure 5 and a summary of the pertinent data is presented in table 3. In intermittent pressure breathing such as that which occurs with the pneumolator, the intrapulmonary pressure rises during inspiration, reaches a maximum at the peak of inspiration, and drops exponentially to zero at the end of expiration.
In this case, therefore, the venous pressure will tend to travel along the curve for relaxation pressures.
Points indicating the venous pressure changes during an average respiratory cycle on the pneumolator are shown in figure 3. The agreement with the predicted values is rather good. Apparently the fluctu- Fig. 5 . At the left: record of venous pressure (PJ during normal breathing in subject M. E. This subject, who tends to be asthmatic, shows the largest venous pressure variation with normal respiration that we have encountered. At the right: Simultaneous record of venous pressure and mask pressure during intermittent pressure breathing on the GEX Pneumolator.
Time intervals at bottom of record = 1 second. ations in intrathoracic pressure are slow enough under these conditions, so that the venous pressure is able to follow them with only a small lag.
Our experiments with venous pressures have been concerned only with the effects of positive intrapulmonary pressures, but Holt (1943) has measured the decrease in venous pressure associated with negative intrapulmonary pressures. The type of graph shown in figure 3 can, therefore, be extended to include the region of negative pressure. This is indicated by the dotted curve in figure 6 .
The exact location of the straight line representing zero volume is in doubt, the diagram is nevertheless useful for visualizing the changes which must occur in intrathoracic and venous pressures when various sorts of breathing maneuvers are performed.
As has been suggested above, figure 3 may be used to estimate the distensibility of the lungs.
For example, to determine how much the lung tension increases when the lung is expanded from the relaxation volume to 40 per cent of the vital capacity, one has only to measure the vertical distance from the 20 per cent isometric line to the point where the 40 per cent isometric line intersects the The method of obtaining the lung tension curve PA, and the chest tension curve PC is described in the text.
curve for venous pressure rise with relaxation pressures. The change in lung tension that occurs when the lung changes to other volumes can be determined in a similar fashion.2 As estimated by Rahn, Otis, Chadwick and Fenn (1946) the absolute lung tension at the relaxation volume in the supine position is probably about 3 mm. Hg (ca. 4 cm. H20). If this value is added to the increase in lung tension that can be estimated by the above method to occur when the lungs expand from the relaxation volume to any given volume, an estimate of the A. B. OTIS, H. RAHN AND W. 0. FENN absolute lung tension at that volume is obtained.
In figure 7 a curve (PA) relating lung tensions obtained by this method to lung volumes is shown. On the same grid an average relaxation pressure curve(PR) for the eight subjects and a chest tension curve (PC) are drawn.
The average relaxation pressure curve was obtained as indicated in table 2, and the chest tension curve was calculated from the following relationship (see Rahn, Otis, Chadwick and Fenn, 1946) P = P P From the results obtained by CloettaR (1913;  in experiments on the lungs of animals, one might expect the lung tension to show a linear variation with volume over the physiological range. The results of our experiments as interpreted in the manner described above and as plotted in figure 7 indicate, however, that PL shows a straight line relationship with volume only above a volume represented by about 50 per cent vital capacity.
Below this volume a curved function is obtained, the slope of which becomes steeper as the volume increases. Because of the unexpected shape of our lung tension curve, one is led to look for possible errors in the method by which it was derived. One possibility is that our original assumption, viz., that a given increase in P T produces the same increase in PV was erroneous. Evidence for a decrease in the gradient during application of positive intrapulmonary pressure comes from the fact that the cardiac output frequently shows a decrease (Otis et al., 1946) Table 4 shows that this value agrees more closely with those of Rohrer and of v. Neergaard and Wirs (1927) than with those of Christie and McIntosh (1934) and of Paine (1940) .
The values obtained by the latter authors are considerably larger and are subject to criticism because they are based on dynamic measurements which include not only static intrapleural pressure but also the difference between atmospheric pressure and that existing in the alveoli at the moment of measurement (i.e., the flow gradient).
The values for lung distensibility by this method are probably too large. The method of v. Neergaard and Wire should give the most valid results since it is based on the measurement of true static intrapleural pressure. However, these authors have reported measurements on only two individuals, one tubercular and one emphysematous.
It would be of interest to see the lung distensibility estimated by a method similar to ours in which simultaneous measurements of relaxation pressure and right auricular pressure were made. This would avoid the problem of a changing gradient between periphery and heart and should give more valid results. By use of the method described by Bloomfield (1945) a direct comparison could be made between values for lung distensibility estimated from measurements of intrathoracic pressure and values estimated from intra-auricular or peripheral venous pressure measurements. SUMMARY 1. Relaxation pressures and peripheral venous pressures were simultaneously measured.
2. Data are presented to show that it is possible to predict the behavior of the mean peripheral venous pressure during various types of positive pressure breathing from the results of these measurements.
3. A method for estimating the distensibility of the lung from these measurements is discussed.
A value of about 0.5 cm. Hz0 per 100 cc. change in lung volume is obtained.
